Significance and Impact of the Study: The need of a simple yet effective way of encapsulating plant growth promoting rhizobacteria is crucial to further improve their benefits to global sustainable agriculture practice. Effective encapsulation allows for protection, controlled release and function of the micro-organism, as well as providing a longer shelf life for the product. This research report offers an innovative yet simple way of encapsulating using double coating technology with environmentally friendly biopolymers that could degrade and provide nutrients when in soil. Importantly, the bioactivity of the bacteria is maintained upon encapsulation. 
Introduction
Bacteria characterized as plant growth promoting rhizobacteria (PGPR) are amongst the most beneficial soil micro-organisms as it is widely utilized to improve plant well-being and enhance the plant growth rate with zero environmental damages (Calvo et al. 2014) . Over the years, researchers in agriculture sector have studied PGPR intensively and section of it have been commercialized such as the species Pseudomonas, Bacillus, Enterobacter, Klebsiella, Azobacter, Variovorax, Azosprillum and Serratia (Glick 2012) . However, the usage of PGPR in the agriculture sector is only a small fraction in the large scale of agricultural practiced globally (Bashan et al. 2014) . Crop production is influenced by the inconsistent properties of the inoculated PGPR that have been applied. Aspects such as the survival of PGPR in soil, the mutualistic compatibility with the crop on which it is inoculated, the ability to interact with indigenous microflora in soil and other environmental factors can all influence the efficacy of the agents applied (Mart ınez-Viveros et al. 2010) . In addition, the action mechanisms of PGPR are diverse and the same mode of action is not possessed by all rhizobacteria (Choudhary et al. 2011) . Collectively, these disadvantages prove to be a stumbling block for the efficient usage of PGPR.
Encapsulation of bacteria potentially allows the gap to be bridged between the conflicts of effectual usage of PGPR and the role of PGPR as biofertilizer in agriculture industry. The result of encapsulation creates a delivery system to enhance the application of PGPR inoculation to soil (Schoebitz et al. 2013) . This encapsulation technology allows the carriers of the PGPR to be tailored made in particular to fit the mode of actions required upon applications (He et al. 2016) . Encapsulation of PGPR refers to the technology creates a wall-like barrier that permits for protection, controlled release and functional ability of micro-organism (John et al. 2011) . Recently, the attempts of encapsulating soil micro-organisms have been rampant as it is still among the newest and highly promising techniques in this sector. One of the most dominant aspect of encapsulated cells is the ability to be released into the targeted soil in a controlled and slow fashion, allowing better long-term positive impacts (John et al. 2011) .Generally, the benefits of encapsulation include: (i) increasing the efficacy due to higher surface area; (ii) improving the systemic activity due to smaller particle size and higher mobility and (iii) minimizing the toxicity due to elimination of organic solvents in relation to conventionally used pesticides and their formulations (Sasson et al. 2009 ).
Food-grade or soil and plant roots-friendly biopolymers are fantastic building materials for encapsulation due to their nontoxicity and good biocompatibility combined with their ability to form gels. The most studied encapsulation material would be the alginate matrix which has the instantaneous capability to form microbeads in the presence of cross-linkers or polyvalent cations such as calcium (Vassilev et al. 2001; Rekha et al. 2007) . Capsules made up of alginate as its main building blocks possess various advantageous characteristics such the capability of engulfing a considerable number of bacteria and crucially protecting the cells by giving a pre-defined and fixed microenvironment for the cells survival (ZoharPerez et al. 2002) . This condition allows the cell metabolic activity to be maintained for extended period of time. In addition, alginate beads allow a control release of bacteria apart from serving as energy source for the micro-organisms from its deterioration (Bashan et al. 2014) . Bacterial cells are vastly encapsulated with the combination of natural polysaccharides and proteins such starch, dextrin, gum Arabic, malt, pectin, chitosan, alginates and legume proteins (Khan et al. 2013; Nesterenko et al. 2013) . Proteins derived from vegetables are excellent biopolymers used as part of the building blocks of encapsulations as it has good biocompatibility, biodegradability, reliable amphiphilic ability, water solubility and emulsifying and forming properties. For the past one decade, microcapsules based on pea protein isolates (PPI) and alginate, and whey protein isolates and alginate were researched and constructed for probiotic use (Fabian et al. 2010; Khan et al. 2013; Xu et al. 2016 ) and these encapsulation technology has given probiotic nutrient base and protection (Khan et al. 2013) . To the best of our knowledge, brown rice protein isolate (BRPI)-alginate with chitosan double coating biopolymers have never been used on plant growth promoting encapsulation for agricultural usage.
The core objective of this research work was to encapsulate Bacillus salmalaya, a PGPR (Azri et al. 2018 ) with BRPI-alginate hydrogel capsule beads with double coating of chitosan. The effects of freeze-drying on the viability of B. salmalaya cells were studied. External surface morphology of crushed microbeads was characterized by field emission scanning electron microscopy (FESEM).
Results and discussion

Morphological characterization
Shape and size of capsules is one of the critical characteristics to meet the desire protection and controlled release of B. salmalaya. Therefore, the effect of weight ratio of biopolymer to bacteria, concentration of calcium chloride (CaCl 2 ) and chitosan pH on the shape and size of capsules have been studied systematically. Figure 1a -f shows FESEM micrographs of encapsulated B. salmalaya.
These FESEM micrographs clearly show that the capsule size of B. salmalaya is encapsulated using core/polymer mass ratio of 1 : 4 with a diameter of about 1Á8 lm 
Letters in Applied Microbiology © 2018 The Society for Applied Microbiology (Fig. 1a) . Comparatively, the negative control ( Fig. 1e ,f) has a very smooth and spotless (clean) internal and external surface than the B. salmalaya filled capsules. The morphological differences can be seen between ( Fig. 1g ) and (Fig. 1h ). The capsule image in (Fig. 1g ) encapsulation involves the gelation of 1% sodium alginate (SA) with 0Á15 mol l À1 CaCl 2 whereas the capsule image in (Fig. 1h ) and encapsulation involves the gelation of 1% SA with 0Á05 mol l À1 CaCl 2 . The whitish layer is observed on the capsules with the higher CaCl 2 concentration (Fig. 1g ).
The survival of B. salmalaya after encapsulation and freeze-drying
Bacillus salmalaya cells were encapsulated within the BRPI-alginate and chitosan-coated capsules with modified high speed homogenization technique. After the homogenization step, the slurry capsules were collected. The total viable results after encapsulation are shown in (Table 1 ). In the double coating encapsulation technology, the chitosan solution of pH 4 and 6 respectively are used as the final/dual coating of encapsulated B. salmalaya. In the optimization of biopolymer formulations, the lowest loss of 0Á02 log CFU of total viable cells with the highest encapsulation yield of 99Á7% was observed after encapsulation using chitosan pH 6 as the double coating. The formulation of the biopolymers in encapsulation involves the percentage of SA used for the SA-BRPI capsule formation and the chitosan pH solution used as the double coating for the SA-BRPI capsules. The chitosan-coated SA-BRPI capsules have different sample mean values of viable cells (log CFU) co-depending on the percentage of SA used and the chitosan pH applied. In the slurry form (Fig. 2a) , capsules made of 1% SA has a higher mean of viable cells (log CFU) (3Á53) than capsules made of 2% SA of (log CFU) value of 2Á48 after being coated with chitosan solution of pH 4. On a lesser acidic condition, a value of chitosan pH 6 coating of SA-BRPI capsules made of 2% SA has a much higher mean viable cells (log CFU) value (6Á07) compared with SA-BRPI capsules made from 1% of (log CFU) value (3Á8). Here, the higher percentage of SA has a significant positive impact on the mean viable cells in the formation of SA-BRPI capsules coated by chitosan pH 6. Comparatively, regardless of the SA% be it 1 or 2%, the mean viable cells of SA-BRPI capsules coated with chitosan pH 6 is higher than the mean viable cells of SA-BRPI capsules coated with chitosan pH 4.
In the freeze-dried powder form (Fig. 2b) , capsules made up of 1% SA has a higher mean of viable cells (log CFU) (3Á6) than capsules made up of 2% SA (2Á1) after being coated with chitosan solution of pH 4. The mean viable cells of freeze-dried pH 4 chitosan-coated SA-BRPI capsules follow a similar trend to its slurry counterpart. On a much lower acidic value of chitosan pH 6 coating, the capsules made of 2% SA has a slightly higher mean viable cells (log CFU) value (5Á67) compared with SA-BRPI capsules made up of 1% (5Á23). The percentage of SA has no significant impact on the mean viable cell (log CFU) after going through the double coating of chitosan pH 6 solution.
The bioactivity of encapsulated B. salmalaya in slurry (wet) state is almost identical compared with the bioactivity of the capsules after freeze-drying in terms of comparing the mean viable cells (log CFU) (Fig. 3) . Despite B. salmalaya being endospore-forming bacteria, their rodshaped structures remained the same even after undergoing the harshness of freeze-drying (Nicholson et al. 2000) .
On the surface of the crushed capsules (Fig. 1c) , rod shapes most likely the bacteria of interest under these circumstances are observed similar to the freeze-dried B. salmalaya cells (Fig. 1d) . However, the rod-shaped bacteria (indicated with a black arrow) observed on the crushed capsules (Fig. 1c ) appear thicker and 'coated' with a layer of whitish substance. This could be the successful cross-linking of SA and a higher concentration of CaCl 2 with the double coating of chitosan. Besides the morphological difference, due to different concentration 
Data represent the mean AE standard deviation of the mean.
Letters in Applied Microbiology © 2018 The Society for Applied Microbiology of CaCl 2 used, the chitosan pH used as the double coating has noticeable impact on the morphology of the capsules. In the double coating encapsulation, chitosan solution of pH 4 and 6 are used for coating the capsules. Here, the capsules with double coating of chitosan pH 6 have a rough spotted surfaces as depicted in (Fig. 1i ) compared with the smooth spotless surfaces of capsules coated with chitosan pH 4 as shown in (Fig. 1j) . In the optimization of biopolymer formulations, the lowest loss of 0Á02 log CFU of total viable cells with the highest encapsulation yield of 99Á7% was observed after encapsulation using chitosan pH 6 as the double coating. Here, the number is definitely greater as compared to alternative encapsulation method of extrusion technology in which L. casei encapsulated inside alginate-pectin microcapsules as the encapsulation yield was mentioned being less than 79% (Sandoval-Castilla et al. 2010). Moreover, the encapsulation yield of B. salmalaya is relatively higher compared to another extrusion technology in which the encapsulation yield of 85Á6% is recorded using PPI as part of the building block of alginate matrix (Xu et al. 2016) . Here, the high-encapsulated yield supports the notion that BRPI is a suitable biomaterial for the encapsulation of B. salmalaya and suggests that high-speed homogenization could be a good alternative to encapsulation via extrusion technology. The highest loss of 6Á5 log CFU of total viable cells with the lowest encapsulation yield of 13Á3% was observed after encapsulation using chitosan pH 4 as the double coating. The loss is high due to few reasons. Firstly, in our preliminary experiment, B. salmalaya homogenized with only chitosan pH 4 solution yielded zero total viable cells compared with chitosan pH 6. The pH nature of the chitosan solution might impact the viability of the bacteria in which it is more acidic, the greater the loss of viable cells. On the other hand, the freeze-dried capsules exhibit a remarkably good encapsulation yield despite not better than slurry capsules' encapsulation yield. The chitosan pH 6 coated alginate-BRPI capsules recorded a mere loss of 0Á8 log CFU and encapsulation yield of 89Á3% after freeze-drying. Comparatively, the freeze-dried capsules exhibit only a reduction in 10Á4% of encapsulation yield than the slurry counterpart. In most cases, viable cells decreases after undergoing freezedrying as shown in (Xu et al. 2016) which is due to the formation of ice crystals during the freeze-drying step which were likely to induce cell damages. The long-term storage and influence of temperature experiments are ongoing and we predict the freeze-dried capsules will exhibit a much longer storage capability and temperature durability compared to the slurry version based on literature reviews and preliminary results. Thus, a reduction in 10Á4% of encapsulation yield in return for a huge margin of storage and temperature durability is definitely an excellent margin.
In conclusion, based on this study, we could be able to produce chitosan-coated SA-BRPI capsules in slurry and powder (freeze-dried) forms that contains the PGPR, B. salmalaya with an excellent encapsulation yields of 99Á7 and 89Á3% respectively. Furthermore, the capsules provided protection to the bacteria against the freeze-drying step. This could prove crucial in the agriculture application purpose.
Materials and methods
Isolation of DNA
Bacterial cells were harvested and genomic DNA was extracted using NucleoSpin Tissue in accordance with the manufacturer's instructions. Selected 16S rRNA universal primers, namely, 27Forward (5 0 -AGAGTTTGATCMTGG CTCAG-3 0 ) and 1492Reverse (5 0 -GGTTACCTTGTTAC-GACTT-3 0 ), were used to amplify the 16S rRNA region.
Preparation of the bacterial cells for encapsulation
Bacillus salmalaya 139SI in which the strain Salmah Ismail (SI) 139SI was originally isolated from soil obtained from the private farm in Selangor, Malaysia (2Á99917°N 101Á70778°E) (Ismail et al. 2012) , was cultured in 1 l of Brain-heart infusion (BHI) medium in a shaking incubator at 3 g for 48 h at 35°C.
Bacillus salmalaya 139SI dry pellet was rehydrated with 10 ml of BHI medium and incubated for 48 h (37°C, 3 g) in an incubator (INFORS AG CH 4103, Bottingen, Switzerland). The liquid culture was then used to inoculate BHI agar plates. Single colonies of B. salmalaya 139SI were obtained after 24 h of incubation. BHI broth (100 ml) was inoculated with one single colony and incubated for 24 h at 37°C under constant agitation (4 g). Prior to encapsulation, single colonies obtained from streaking stock cultures on BHI plates were grown in 100 ml of BHI broth for 24 h at 37°C under constant agitation (4 g). The harvested cells by centrifugation with a final concentration of 9 log CFU per ml were re-suspended in 20 ml of sterile modified phosphate buffer ((NH 4 )2SO 4 0Á2%, K 2 HPO 4 .3H 2 O 1Á83%, KH 2 PO 4 0Á6%, HOC).
Encapsulation of B. salmalaya
The B. salmalaya loaded BRPI-alginate-chitosan capsules were prepared via homogenization technology. Sterilized distilled water and glasswares were used for the encapsulation process. The 2% (w/v) protein solution was prepared by dissolving BRPI powder (ezyprotein TM Natural, 80% protein, <1% sugars, <12% starch and <0Á2 fat was manufactured from Alive Brands Pty Ltd, Billinudgel, NSW, Australia) in distilled water. The solution was heated to 90°C to denature and dissolve the proteins. After 1 h, the solution was cooled to room temperature in a cold water bath. The solution was reheated to 90°C and the alginic acid sodium salt from brown algae (alginate) with low viscosity (Sigma Life Sciences, Gillingham, Dorset, UK) was added to produce a final concentration of SA 1% and 2% (w/v). Complete dissolution of the alginate powder was achieved at 90°C under magnetic stirring for 2 h. Then, the solution was autoclaved. Autoclaved solution was cooled to room temperature. The bacterial suspension was subsequently added to the BRPIalginate solution at a bacteria-to-polymer ratio of 1 : 10 (v/v). The capsules loaded with bacteria were formed via high speed homogenization of the bacteria-polymer solution with the addition of CaCl 2 (Sigma Life Sciences) solution. The resulting capsules were allowed to harden in the CaCl 2 solution for 1 h. Thereafter the slurry capsules were collected and separated into two portions. First portion was immediately used for the survival test and sent for zeta-potential measurements and turbidity measurements. These capsules will be addressed as 'fresh capsules' throughout the text. The second portion of the capsules were freeze-dried for the after freeze-drying survival test and FESEM analysis. The encapsulation and freeze-drying steps were quadruplicated.
Enumeration of viable cells and encapsulation efficiency
The survival of the bacteria after encapsulation process was investigated by mixing 1 ml of fresh slurry capsules with 9 ml of 10% sodium nitrate. The capsule suspension was incubated at 36°C for 1 h under constant agitation to completely dissolve the capsules. Preliminary tests confirmed that no significant change occurred on the numbers of B. salmalaya viable cells after 1 h of incubation in 10% of sodium nitrate at 36°C. Viable cells (colony forming units) enumeration was conducted by plating 10-fold serial dilutions of dissolved capsules and free B. salmalaya cell suspensions onto BHI agar plates. The plating was incubated at 36°C for 24 h before colony enumeration. Plating was done in triplicate. The mentioned survival test is repeated by replacing 1 ml of fresh slurry capsules with 1 g of freeze-dried capsules to investigate the impact of freezedrying towards the slurry capsules and the survival of the bacteria after undergoing such harsh conditions. The encapsulation efficiency (EE), the log cell number (CFU) of viable cells in the microcapsules before (N 0 ) and after encapsulation (N) were calculated by applying Eqn 1: Encapsulation efficiency ð%Þ :
Survival of B. salmalaya before and after freeze-drying
The fresh slurry capsules were frozen in freezer at À50°C overnight and then freeze-dried for 48 h using a vacuum freeze-dryer and weighed. In order to investigate the survival of B. salmalaya after freeze-drying, the freeze-dried capsules (0Á1 g) were suspended in 9Á9 ml of sodium citrate to dissolve the capsules. After 1 ho of incubation under constant agitation (7 g), the viable cells were enumerated via spread plating serial 10-fold dilutions of dissolved capsules. For the free B. salmalaya cells, 100 ll of cell suspension was transferred into 1Á5 ml Eppendorf centrifuge tubes. The tubes were centrifuged (7168 g, 10 min, 20°C) to harvest the cells. The liquid phase was removed and the tubes were placed in freezer to freeze the cells. The tubes were then freeze-dried for 48 h. To enumerate the viable cells after freeze-drying, 900 ll of modified phosphate buffer was added into each tube to rehydrate the cell pellets. The tubes were vortexed to re-suspend the cells. The tubes were also incubated for 1 h at room temperature under constant agitation (7 g) before spread plating. The results were presented as the total viable cells before and after the freeze-drying process. The total viable cells after freeze-drying were calculated by applying Eqn 2:
Total viable cells after freeze-drying
where N FD (CFU per g) is the number of viable cells in 1 g of freeze-dried capsules and M FD (g) is the dry weight of freeze-dried capsules.
Morphology characterization
The morphology properties of the freeze-dried capsules were examined by FESEM (TM3000; Hitachi High-Technologies Co., Tokyo, Japan) at an accelerated voltage of 5 kV. The capsules were sliced with a scalpel to expose the cross section. The free B. salmalaya cells were lyophilized as positive control. After 24 h of incubation, free B. salmalaya cells were harvested via centrifugation (7168 g, 10 min, and 4°C). The cell pellets were suspended in a modified phosphate buffer and centrifuged again. The liquid phase was removed. The cell pellets were frozen at À80°C for 8 h and then freeze-dried for 48 h before microscopy.
Statistical analysis
Results are presented as mean AE SD of replicated determinations. Data were subjected to two-way analysis of variance and multiple comparisons were performed by Duncan's test. Statistical significance was set at P < 0Á05. All analyses were performed using SPSS ver. 21Á0 for Windows (SPSS, Chicago, IL, USA).All the tests were performed at a significant level of a = 0Á05. The error bars represent the standard deviation of the data.
and Forest Research Institute Malaysia (FRIM) for the facilities and expertise which had facilitated the work. Thanks are due to Mr Mohd Shukri Ab Aziz from FESEM Lab for his technical assistance and our lab assistants. Their utmost assistance is gratefully acknowledged.
